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Introduction
The enormous market demands for gas sensors in labour safety, environmental protection, medical treatment and related areas have stimulated huge interest in the development of high performance sensing materials. ZnO nanomaterials are among the most popular electrical and optical gas sensing materials, and continue to attract much attention as a result of their well-demonstrated high sensitivity (reflecting their large surface area, surface activity, and excellent electrical and luminescence properties), coupled with their low cost and simple and controllable fabrication [1] [2] [3] [4] [5] [6] . A range of strategies have been applied to ZnO and ZnO-based nanomaterials in an effort to enhance the gas sensing response (sensitivity), selectivity and repeatability, and to reduce the response and recovery times, including morphology control, doping, surface modification and decoration [7] [8] [9] [10] [11] [12] . Of particular relevance to the present work, CuO decoration has been shown to substantially improve the gas sensing properties of pure ZnO nanomaterials, as exemplified by studies using CuO-ZnO nanorods [13, 14] , nanocorals [15] , composite nanowires [16] , ZnO nanostructured composites [17] and hierarchical nanostructures [18] . However, the typical size of these ZnO nanostructures is of the order of a 100 nm or more, and their comparatively small surface area to volume (S/V) ratio must limit their sensing properties. Two-dimensional (2-D) ZnO nanosheets (NSs) have shown much promise in gas sensing applications, with a range of successfully-fabricated products reported, e.g. pure ZnO NSs [19] [20] [21] , Fe-doped ZnO NSs [22] , Ag nanoparticle (NP)-decorated ZnO NSs [23] , Pd NP-decorated NSs [24] , Au-functionalized ZnO NSs [25] , NiO-modified ZnO NSs [26] , graphene oxide/ZnO NS nanocomposites [27] , etc. The thickness of the ZnO NSs in these prior studies is typically 10-50 nm or even larger, however. Since a large S/V ratio is likely to be one of the key factors determining the sensing performance, there is obvious interest in exploring the extent to which the use of ultrathin ZnO NSs (with much reduced thickness and higher S/V ratios) can further enhance the gas sensing capability.
Here we report the design and fabrication of ultrathin 2-D ZnO NSs, their subsequent decoration with CuO NPs, and demonstrate the sensing properties of both materials to a number of different gases, including ethanol, towards which both the pristine ZnO NS samples and the CuOZnO NS samples show a high sensing response. Decoration with CuO NPs is shown to boost the sensing response by as much as a factor of 2 (relative to that of the pristine ZnO NSs), and to reduce the response and recovery times. The underlying sensing mechanisms are discussed accordingly.
Experimental

Sample preparation
The following chemicals were used in preparing the ZnO NSs: polyethylene oxidepolypropylene oxide-polyethylene oxide (PEO20-PPO70-PEO20, Pluronic P123, SigmaAldrich), ethylene glycol (EG, 98%, Sigma-Aldrich), ZnAc2•2H2O (99%, Aladdin), hexamethylenetetramine (HMTA, 99%, Aladdin), and ethanol (99.5%, Aladdin).
The ZnO NSs were synthesized by a facile solvothermal method reported previously [28] . Briefly, Pluronic P123 (0.4 g) was added to a mixture of ethanol (6.0 g) and H2O (0.9 g) to form a transparent solution upon magnetic stirring for 15 min, followed by the addition all samples (i.e. both the pristine and CuO NP decorated ZnO NS samples) before gas sensing measurements.
Characterization
The obtained samples were characterized by field emission scanning electron microscopy (FESEM, FEI, Quanta 200F), high-resolution transmission electron microscopy (HRTEM, FEI, Tecnai-G2-F30), atomic force microscopy (AFM, Asylum research, Cypher ES), X-ray diffraction (XRD, PANalytical, X'Pert Pro, with Cu Kα radiation), X-ray photoelectron spectroscopy (XPS,ESCALAB,250Xi), and spectrofluorometry (Horiba, Fluoromax-4, 325 nm excitation).
Gas sensing measurement
The sensing properties of the samples to ethanol and six other gases: methanol, ammonia, benzene, toluene, cyclohexane and tetrahydrofuran) were measured at a working temperature (Tw) of 320 o C using a commercially-available intelligent gas-sensing analysis system (Elite Tech, CGS-1TP) with an 18 L test chamber [29] . In all cases, the target gas was introduced into the chamber by injecting the appropriate liquid into a heated (200 o C) quartz evaporating dish located inside the test chamber. The liquid evaporated immediately afte r injection and two fans in the test chamber ensured rapid and homogeneous mixing of the resulting vapor with air. After the resistance of the sensor reached an equilibrium value, the test chamber was opened and the sensor exposed to fresh air. The sensing response of the gas sensor is defined as S = Ra / Rg, where Ra and Rg are the resistance of the sensor in air and in the target gas, respectively. Two other important sensor characteristics are the response (tres) and recovery (trec) times, which are here defined as the times required for the sensor resistance to change from, respectively, Ra to Ra  0.9(RaRg) and from Rg to Rg + 0.9(RaRg).
Results and Discussion
Structure and morphology analysis
SEM and TEM analysis confirmed the typical 2-D nanosheet morphology of the pristine NS sample, and suggested NS thicknesses < 10 nm (Fig. 1a and 1b) . To characterize the nanosheet thickness more quantitatively, AFM measurements were performed using a sample prepared by dropping the pristine ZnO solution on a bare Si wafer and drying in air. The statistical results revealed an average thickness of 4 nm, as illustrated by the example shown in Fig. 1c -which also directly demonstrates the nanosheet morphology. XRD patterns were collected also, to examine the crystallinity of the sample (Fig. 1d) . All diffraction peaks can be indexed to the wurtzite crystal structure of ZnO (JCPDS 89-0510), corresponding to (100), (002), (101), (102), (110), (103), (112) and (201) planes, respectively. The crystallinity of the NSs was further confirmed by the HRTEM image (inset to Fig. 1b) , which reveals parallel crystal planes with a measured spacing of ∼0.26 nm, characteristic of (002) plane of ZnO.
The photoluminescence (PL) spectrum of the ZnO NS sample, recorded under 325 nm excitation ( Fig. A.1 ), shows a narrow emission peak centered at 376 nm and a broad peak centered at 550 nm. These are assigned to ZnO near-band-gap emission and to defect / impurity-related emissions, respectively. The small blue shift of the UV emission compared to that seen in the PL spectra of many other ZnO nanomaterials [5, [30] [31] [32] [33] (which typically peaks in the 380-390 nm range) implies a significant quantum confinement effect induced by the ultrathin (few nanometer) thickness of these NSs. (Fig. 2d) shows four peaks. Those appearing at 933.6 and 953.6 eV are assigned to Cu2p3/2 and Cu2p1/2, respectively, while the 941.6 and 962.2 eV features are the documented shakeup satellite peaks. High resolution XPS spectra for the Zn2p and O1s regions for the '12-min CuOZnO' NS sample are shown in Fig. A.2 . The XPS data demonstrate that the Cu in the sample is in the +2 oxidation state [13, 34, 35] , and the HRTEM and XPS results both serve to confirm successful decoration of the ZnO NSs with CuO NPs.
Gas sensing performance
As we now show, the ultrathin pristine ZnO NSs and the CuO-ZnO NSs both show particularly high sensing responses to ethanol vapor and, from here on, we largely focus on studies using ethanol as the target gas. The standard test involved measuring the time-varying resistance of each sample on the interdigitated electrode, at a working temperature Tw = 320 o C, as a function of ethanol concentration. Fig. 3 shows the time-dependent resistance measured for the pristine ZnO NS, '2- Figure 5 highlights further favorable attributes of these sensors, including the repeatability of the response (Fig. 5a ) and the high selectivity to ethanol (and methanol, for which we measure S 57 with the '6-min CuO-ZnO' NS sample when exposed to 200 ppm), cf. a range of other gases (ammonia, benzene, toluene, cyclohexane and tetrahydrofuran (Fig. 5b) ). These data all serve to illustrate the potential of CuOZnO NSs in gas sensing applications.
Gas-sensing mechanism
Gas sensing mechanisms of metal oxides have been studied extensively [8] [9] [10] [11] [12] [13] [14] [39] [40] [41] . Scheme 1 illustrates a plausible mechanism for the outstanding gas sensing capabilities of the ultrathin ZnO 
The response of a metal oxide semiconductor gas sensor to changes in gas concentration is widely described using an empirical formula of the form:
where α is a prefactor, β is the response order that depends on the charge state of the reactive surface species, and C is the concentration of the target gas [21, 22] . The value of β is ~0.5 or ~1 when the dominant reactive oxygen species is, respectively, O 2− and O − [9] .
The responses of the pristine ZnO, '2-min CuO-ZnO', '6-min CuO-ZnO', and '12-min CuOZnO' NS samples to changes in ethanol concentration at Tw = 320 • C are all quite similar (Fig. A.4a) . The introduction of p-n junction depletion regions [10, [13] [14] [15] [16] [17] [18] 44] . Since pure ZnO and CuO are typical n-and p-type semiconductors, respectively, the presence of the CuO NPs will give rise to localized p-n junction depletion regions within the samples. Release of electrons by reactions (1) and (2) to the ZnO and/or CuO domains would reduce these depletion regions and enhance the sensing response.
We end by highlighting the good linear relationship between log (S  1) and log (C) at ethanol concentrations C < 20 ppm and, by implication, note that the detection limit for ethanol with both the pristine ZnO and the CuO-ZnO samples could extend to the ppb-level. The present work clearly represents another step along the way to optimizing the gas sensing properties of ultrathin ZnO NSs by controlled surface decoration.
Conclusions
Ultrathin 
